We have recently identi®ed a new G protein-coupled receptor, X-msr, whose expression is associated with the endothelial lineage in Xenopus laevis (Devic, E., Paquereau, L., Vernier, P., Knibiehler, B., Audigier, Y., 1996. Expression of a new G protein-coupled receptor Xmsr is associated with an endothelial lineage in Xenopus laevis. Mech. Dev. 59, 129±140). Based on its structural analogy to the human orphan receptor APJ, we cloned the murine msr/apj receptor and analyzed its expression in developing tissues. As observed for X-msr, msr/ apj transcripts are detected in the endothelium of the primary blood vessels and the forming heart. In addition, they are expressed in somites, limb bud and branchial arches. This expression pattern is distinct from that of the Flk1 gene and suggests that the msr/apj gene is expressed in a subpopulation of endothelial precursors and a mesenchymal population derived from paraaxial mesoderm. q 1999 Elsevier Science Ireland Ltd. All rights reserved.
Results
Angioblasts, the endothelial progenitor cells, are derived from the mesoderm and are committed very early during embryonic development. In the extraembryonic territories such as the yolk sac, the differentiation of splanchnopleural angioblasts in close association with hemopoietic precursors (Risau and Flamme, 1995) has led to the proposal of a common precursor, the hemangioblast (Murray, 1932) . In most intraembryonic territories, however, endothelial cells differentiate as solitary angioblasts. Interestingly, this differential hemopoietic capacity corresponds to two distinct endothelial lineages from paraxial and splanchnopleural mesoderm in the chick embryo (Pardanaud et al., 1996) .
The¯k-1 tyrosine kinase receptor for the growth factor VEGF-A/C (Matthews et al., 1991; Millauer et al., 1993; Joukov et al., 1996) is the earliest marker of the endothelial lineage (Yamaguchi et al., 1993) and is involved in the migration of hemangioblasts to the yolk sac (Kabrun et al., 1997; Shalaby et al., 1997) and their commitment to the endothelial lineage (Eichmann et al., 1997) . Taken together, these data suggest that endothelial precursors expressing the Flk1 gene are the hemangioblasts derived from the splanchnopleural mesoderm.
We have recently cloned a new G protein-coupled receptor, X-msr, whose expression is linked to the status of endothelial precursors in Xenopus embryos (Devic et al., 1996) . Although the human APJ receptor is structurally related to the X-msr receptor, its expression in embryonic tissues has not been studied (O'Dowd et al., 1993) . Taking advantage of this structural homology, we cloned the murine msr/apj receptor, analyzed its expression pattern in embryonic tissues, and compared it to that of the Flk1 receptor.
Sequencing of the murine msr/apj cDNA sequence reveals a single open reading frame that codes for a protein of 377 amino acids. Alignment of the coding sequences reveals a high percentage of identical amino acids (92%) between murine msr/apj and human APJ sequences, whereas the percentage of identity is lower (43%) between amphibian X-msr and murine msr/apj sequences (Fig. 1) . On the basis of the degree of primary sequence homology (higher than 60% within the transmembrane segments; Strader et al., 1994) , amphibian X-msr, murine msr/apj and human APJ receptors represent closely related proteins.
By in situ hybridization, msr/apj transcripts were clearly detected from the E8 (late headfold) stage and throughout the subsequent stages of formation of the cardiovascular system (Fig. 2) . In the early 6-somite embryo ( Fig. 2A) , high levels of expression were found in the posterior cardi- nal veins, vitelline veins and in the somites. At this stage, no msr/apj transcript could be detected in the heart, the brain and in the yolk sac. During the following stages (Fig. 2B,C) , the expression increased in the forming large vessels, including a large network of brain vessels, and extended to the developing branchial arches (especially the ®rst branchial arch) and intersomitic vessels. In the E9 embryo ( Fig.  2B ), staining was visible throughout the entire somite at the caudal level and became restricted to the medio-ventral region in the anterior somites. In an E9.5 embryo (Fig.  2C ), transcripts were detected in the forelimb bud at the time when the formation of the blood vessels starts there. A faint labeling was seen in the heart and the visceral organs.
To better de®ne the cellular sites of msr/apj expression, we cut serial sections from the in situ hybridized embryos (Fig. 2D±G) . A transverse section through the dorsal part of an E9.5 embryo clearly demonstrated that msr/apj transcripts were localized in the inner endothelial layer around the lumen of the cardinal vein (Fig. 2D) . Similarly, in the forming heart, the msr/apj gene was not expressed in the myocardial layer but a low level of expression was observed in the endocardial lining (Fig. 2E) .
A transverse section in the trunk region revealed that msr/ apj transcripts at the somite level were restricted to the sclerotome and absent from the dermamyotome; in the limb bud, the expression of msr/apj was observed not only in vascular structures but also in the mesenchyme (Fig. 2F) . A longitudinal section in the branchial arches showed that expression was localized in the core mesenchyme derived from somitomeres (Fig. 2G) .
Comparison between the expression of the msr/apj and Flk-1 genes clearly outlined their differential pattern throughout embryogenesis (Fig. 3A±C) . In a general manner, both genes were expressed in the forming vessels, notably in the intersomitic vessels and posterior cardinal veins. However, the Flk-1 gene was strongly expressed in the heart, dorsal aorta and visceral organs, where msr/apj transcripts were barely detectable. In some territories such as the branchial arches, the forebrain, the forelimb bud and the tail, Flk-1 transcripts were generally localized in small clumps of cells at the surface of the embryo, whereas msr/ apj expression was more diffuse and inside these structures. Finally, as already mentioned, msr/apj transcripts were detected in somites where no Flk-1 expression was observed. In contrast, strong Flk-1 expression was observed in the yolk sac, where msr/apj transcripts were absent.
Taken together, in addition to its expression in the endothelial layer of forming cardiovascular structures of the embryo, the msr/apj gene is detected in somites, limb bud and branchial arches where it is expressed in mesenchymal cells. Interestingly, the expression in the craniofacial structures correlates with the destination of mesenchymal cells originating from somitomeric mesoderm (Trainor and Tam, 1995) . As no other known markers of the endothelial lineage, such as Flk1 or VE-cadherin, colocalize in these territories, it remains to be clari®ed whether this mesenchymal expression de®nes mesodermal precursors endowed with an endothelial potentiality. Fig. 1 . Comparison of the predicted amino acid sequence of the murine msr/apj protein with that of the amphibian X-msr receptor (Devic et al., 1996) and the human APJ receptor (O'Dowd et al., 1993) . Identical residues are indicated by grey boxes. Fig. 2 . Localization of msr/apj gene expression by in situ hybridization. All embryos are depicted as lateral views with the head to the left and dorsal to the right. (A) A 7-somite embryo with extraembryonic structures. Note the high levels of msr/apj transcripts in the vitelline veins (VV), cardinal veins (CV) and somites. Note the absence of detectable transcripts in the yolk sac (YS) and the heart (H). A low level of msr/apj expression is observed in the allantois and the ectoplacental cone (EPC). (B) An E9 embryo stained and transparized to reveal somite labeling. Note the expression in the entire posterior somites and its restriction to the medio-ventral region of the anterior somites. In addition, msr/apj transcripts are detected in the Ductus cuvieri (D. cuvieri). (C) An E9.5 embryo. Note the strong staining in the forebrain, the ®rst branchial arch (BA1) and the forelimb bud (FLB). Posterior cardinal veins (PCV) and intersomitic vessels (ISV) also express high levels of msr/apj transcripts. Note the faint expression in the heart (H). (D) Transverse section of an E9.5 embryo at the level of the cardinal vein. Note that the msr/apj transcripts are exclusively detected in the endothelial lining around the lumen of the left cardinal vein (LLCV). (E) Transverse section at the level of the heart. Labeling is restricted to the endocardial lining. In the anterior cardinal vein (ACV) and dorsal aorta (DA), msr/apj expression is observed in the endothelial lining. Note also the expression in the somites. CACH, common atrial chamber of the heart; PCC, pericardial cavity; Ph, pharynx. (F) Transverse section at the level of the trunk somites of an E9.5 embryo. In the somites, msr/apj expression is restricted to the sclerotome and absent from the dermamyotome. Note the strong staining in the forelimb bud (FLB) and in the endothelial lining of the posterior cardinal vein (PCV). (G) Longitudinal section at the level of branchial arches (BA). Note the strong msr/apj expression in the core mesenchyme.
Materials and methods

Embryos
Mouse embryos were isolated at stages ranging from E7 to E11 of development. Staging was established according to the tables of Theiler (1989) .
Cloning of the msr/apj cDNA
Using a 5
H primer located between nucleotides -136 and -114 of the mouse sequence (obtained from the WashU-HHMI Mouse Est Project) and a 3
H primer starting at the stop codon and extending to the 19 following nucleotides in the 3
H untranslated region from the h-APJ sequence, we were able to amplify the full length msr/apj cDNA. The ampli®ed fragment was puri®ed by the GeneClean procedure (Bio 101) and subdoned in a pIBI vector. Ten independent clones were sequenced. The EMBL accession number for the msr/apj cDNA is AJ007612.
In situ hybridization
Whole-mount in situ hybridization was performed using digoxygenin-labeled antisense RNA probes corresponding to 136 nucleotides in the 5
H untranslated region and the entire coding sequence of msr/apj mRNA. msr/apj cDNA subcloned in pIBI 31 vector was linearized with StuI. The plasmid pKS containing the EcoRI fragment of Flk1 cDNA was linearized with ApaLI. Linearized plasmids were transcribed in vitro in the presence of DIG-11-UTP (Boehringer, Mannheim).
Specimens were prepared, hybridized and stained by the method previously described (Devic et al., 1996) with some modi®cations. The embryos were bleached in methanol/ hydrogen peroxide (6%) for about 2 h. The temperature of the prehybridization step was 708C for 5 h and that of hybridization 688C overnight. The detection was performed with alkaline phosphatase-coupled anti-digoxygenin antibodies (1/2000) overnight at 48C. After washing, the chromogenic reaction was obtained with the NBT-BCIP substrates (Promega). After colour development, the embryos were ®xed in 3% formol and photographed. Fig. 3 . Comparison between the expression of the msr/apj (left) and Flk-1 (right) genes. (A) A whole-mount in situ hybridization of E8 embryos. Both genes are expressed in the posterior cardinal vein (PCV) and vitelline veins (VV). Note the absence of Flk-1 transcripts in the somites. Flk-1 expression is also detected in dorsal aorta (DA) and brain (B). (B) A whole-mount in situ hybridization of E9 embryos. Both genes are expressed in the intersomitic vessels (IVS), forelimb bud (FLB) and the tail. Note again the absence of Flk-1 transcripts in the somites. On the other hand, heart (H) and head capillaries (Hcap) express Flk1 but not msr/apj. Finally, there is a high level of msr/apj expression in the ®rst branchial arch (BA1). (C) Transverse section of in situ hybridized E9.5 embryos. Both genes are expressed in the posterior cardinal vein (PCV) and forelimb bud (FLB). Note again the selective staining of the somites by the msr/apj probe. In contrast, the yolk sac (YS) strongly expresses Flk1 but not msr/apj.
